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A theoretical study of the electronic Raman scattering of MgO with substitutional Co + impuri-
ties is presented in this paper, and the Jahn-Teller interaction is employed to calculate the line shape.
The contribution to the Raman scattering discussed here is different from the phononic contribution
studied by other authors. In their calculation, they have implicitly assumed the validity of the
Born-Oppenheimer approximation, an assumption that is not valid for the lowest levels of Co + in
MgO. The electronic Raman intensity is given by an approximate. formula that contains the time
correlation function of transition operators between the few electronic states of Co + that are close
to the ground state. To obtain these correlation functions we employ Green's functions, decoupling
the equation of motion at a convenient stage of the calculation. Only the normal modes of the com-
plex formed by Co + and the six nearest 0 ions have been included in the Jahn-Teller interaction,
and they have been expressed as a series of all the lattice phonons. The theoretical phonon spectrum
of MgO has also been replaced by a simpler analytical expression that gives its more important
features. Most of the parameters that appear in the calculation have been derived from other prop-
erties of the system. There is a fairly good agreement between the measured Raman spectrum and
the one calculated here. In particular, the relative position of the two I 6—+I li and I 6~I 8 transi-
tions is well explained by the model. The theory also predicts a splitting of the I 6~I 8 line into a
doublet, a fact that is experimentally observed.
I. INTRODUCTION
In this paper we present a theoretical study of the elec-
tronic Raman scattering of MgO with substitutional Co +
impurities, and we show that the dynamical Jahn-Teller
(JT) interaction plays an important role in the correspond-
ing line shape.
Pure crystalline MgQ has the rocksalt structure, and
the Raman scattering by a single phonon is forbidden be-
cause there is lattice translational invariance and all the
ions are a center of inversion. This rule is broken by the
presence of impurities, and a modified Raman spectrum is
observed in their presence. Several experimental and
theoretical studies of this impurity-induced Raman spec-
trum have been reported so far. A classical example is
that of the Tl+-doped alkali halides studied by Harley
et al. , ' who provided several references concerning this
type of experiment. The case of MgO with Co + as im-
purity was reported by Mon and Billat et al. , and a
more detailed study with both Fe + and Co + as impuri-
ties was reported by Billat et al. More recently, Guha
reported measurements at 18 K of MgO:Co +.
One of the basic assumptions in the theory reviewed by
Harley' is that the Born-Oppenheimer approximation
(BOA) is 'valid, implying that the electronic ground state
of the system should be well separated in energy from all
the electronic excited states. The system is then assumed
to remain in that ground electronic state after the Raman
scattering, while a single phonon is created or destroyed in
the process. Mon, Billat et al. , and Guha supposed
that this was the case in the spectra they studied, making
an exception with the 934-cm ' line observed in
MgO:Co +, that was assumed to be electronic because
there are no phonons with this high frequency in the spec-
trum.
The spectra observed by Billat et al. are rather dif-
ferent for the two impurities Co + and Fe +, their inten-
sity maxima not. being far apart from the lowest electronic
excitations of those two ions. These considerations lead
us to investigate the electronic Raman scattering of the
impurity as an alternative mechanism, i.e., a process in
which the electronic state of the impurity in the final state
is different from the initial one, while the vibrational state
of the MgO lattice remains the same. The electronic Ra-
man scattering has been already measured in several trigo-
nal compounds ' of Fe + and Co +, in cubic KZnF3
doped with Co + and in several other systems summa-
rized in a recent review article by Lockwood. '
We believe that in our system, the two mechanisms
contribute to the spectrum, but we will only consider here
the electronic Raman scattering of Co + so that the
characteristics of this effect are more clearly emphasized.
We will discuss at the end of this paper the superposition
of the two contributions. As the electronic Raman
scattering of a single Co + is not sufficient to describe the
observed spectrum, particularly in the 300-cm ' region
where a single line would be expected and a doublet is ob-
served, we will consider the interaction between the Co +
and the phonons. However this interaction takes a rather
special form in the present problem, where the Born-
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Oppenheimer approximation is not valid. The Co +
enters substitutionally in the lattice and retains the cubic
symmetry" of MgO. The Jahn-Teller (JT) theorem' ''
then allows a coupling between the electronic states of
Co + and the displacements of the neighboring ions. This
coupling is linear in those displacements and is the JT in-
teraction, which has been employed to study the spin-
lattice relaxation' of Co + in MgO, and will provide a
linewidth to the mechanism proposed here. Although the
overall symmetry of the Co + ion is cubic, the instantane-
ous configurations of lower symmetry produced by the
displacements of the neighboring ions affect the properties
of the system through the JT interaction, and this is then
named the dynamical JT effect. '
It is instructive to consider how the stationary states of
the system are modified by the dynamical JT effect:
Rather than being the product of an electronic state times
a vibrational one, as they are in the Born-Oppenheimer
approximation (BOA), many of these products are strong-
ly mixed in the stationary states which are then called vib-
ronic states. This effect is important in MgO:Co + be-
cause the separation between the lowest energy states (300
cm ') falls well within the phonon spectrum, and the
mixture is strong even if the interaction i.s weak. This
strong mixture of product states is what gives an extended
line shape to the electronic Raman scattering of Co + in
MgO.
The dynamic JT effect has been already considered for
Fe + compounds, and the diagonalization of an effective
Hamiltonian with adequate reduction factors' ' was em-
ployed to obtain the energies of the electronic transitions.
In this case, no description of the line shape was obtained
by the method.
To conclude this introduction we summarize the con-
tents of this paper. In Sec. II we discuss the calculation
of the Raman scattering in MgO:Co +, employing the
mechanism proposed above. In Sec. IIA we discuss the
model employed to describe the system paying particular
attention to the JT interaction. In Sec. II 8 the Raman in-
tensity is expressed by an approximate formula that em-
ploys adequate correlation functions, and the Green's-
function (GF) formalism is used in Sec. IIC to obtain
these correlation functions. In Sec. IID we employ an
analytical expression that has the gross features of the
density of phonons to obtain the line shape predicted by
our theory. In Sec. III we compare our GF calculation
with the experimental spectra, and in Sec. IV we state our
conclusions.
bic structure' by splitting T~g into 1 6 and I 7 doublets
plus two I & quadruplets (see Fig. 1). The lowest level is
I 6 and it cannot be further split by the crystal field be-
cause Co + is a Kramer's ion. ' We will call these 12
states "lower states, " and call the remaining Co + states,
that are rather far in energy from the lowest states,
"higher states. "
In our vibronic Hamiltonian' ' we use the standard
expression for the Co + ions and for the phonons. For a
single Co + ion we employ the approximate JT interac-
tion
To calculate the Raman scattering, we consider the di-
polar interaction between the radiation field and our sys-
tem, and neglect the diamagnetic term. The interaction is
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HJT = V~&Q. + Vz(r'Qe+&'Q, )
+ VT(&~Qg+r"Q„+r~Qg),
where Vz, Vz, and VT are the JT coefficients, the Qr are
the normal modes of the seven-ion complex composed by
the Co + and the six nearest 0 and the ~~ are the well-
known electronic operators defined in the subspace of
the lower states of Co +. The three terms in Eq. (1) are
associated with the irreducible representations Tjg E2,
and T2& of the point group O~.
For a single Co + one can expand HJT by employing
the standard basis operators ' X,b that transform the
state b of Co + into the state a of the same ion and the
creation (aq, ) and destruction (aq, ) operators of a phonon
with wave vector q and polarization s. As we neglect the
interference between different Co + ions, our result is
given by the scattering of a single Co + times their num-
ber and we will not use the creation operators of ions
that we employed in other derivations. ' '
t
B. An approximate formula for Raman scattering
II. CALCULATION OF THE RAMAN
SCATTERING FROM MgO:Co +
A. The vibronic Hamiltonian
Tlg
-- f7
18'
The ground state of the free Co + ion is F(3d7), and in
the presence of the cubic crystal field it is split leaving
T&s as the lowest group of states. The T,s is still degen-
erate in the orbital part, and one would expect a deforma-
tion that according to the JT theorem'~' would leave a
nondegenerate orbital part. This deformation does not
occur" because the spin-orbit interaction stabilizes the cu-
FREE CUBIC LS
FIG. 1. Energy levels of Co + split by a cubic field and by
the spin-orbit interaction. The levels are labeled by their sym-
metry properties.
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then linear in the creation or destruction operators of pho-
tons, and at least a second-order time-dependent perturba-
tion (TDP) is necessary.
To describe a single-phonon Raman scattering, it is cus-
tomary to treat the electron-phonon interaction HEp to-
gether with the system-radiation interaction HsR as a per-
turbation, and a third-order TI3P calculation ' is then
necessary. This treatment is appropriate when the BOA is
valid, and the electronic Raman scattering is then clearly
different from the phononic one. When JT ions are
present, the BOA is not valid, and the HJT is an electron-
phonon interaction, making the distinction between the
two types of Raman scattering rather difficult.
It is then convenient to separate the calculation in two
contributions, which coincide respectively with the elec-
tronic and phononic contributions in the absence of JT ef-
fect. If we neglect the total electron-phonon interaction
HEp, we can employ the. eigenstates of the total Hamil-
tonian to define the subspace 8'„generated by those
eigenstates that have the electronic part with energies
close to the lowest one. We can then define HEp and HEp
in HEp =HEp+HFp so that the only nonzero matrix ele-
ments of HEP are between pairs of states of 8', and HFp
is identically zero inside 8' . To define the first contribu-
tion ("electronic" ), we include HEp in the unperturbed
Hamiltonian and treat HsR in second-order TOP, so that
when HEp —0 we obtain the usual electronic Raman
scattering. In this work we will approximate HEp by the
HJT given in Eq. (l).
To calculate the second contribution ("phononic") we
neglect HEp, treat HsR+HEp by TDP in third order, and
consider only the same initial and final electronic state in-
side 8' . This is equivalent to the usual treatment of the
one-phonon process when the impurity is not JT but has a
single lower state. In the approach we are discussing, the
breaking of the selection rule due to the translational in-
variance and inversion symmetry is effected through the
change of HEp caused by the impurity presence.
The previous calculations for Co +:Mg correspond
to the phononic contribution discussed above, which is
clearly different from the electronic contribution con-
sidered in the present paper. Employing the same tech-
nique used for a different problem, we have derived an
approximate expression for the electronic contribution to
the Raman scattering intensity. It is proportional to
where ~ is the frequency of the scattered photon minus
that of the incident one, which respectively have polariza-
tions e and e. The Raman tensor R,b is associated with
the a and b states of Co +, and it is the sum over excited
states of frequency dependent terms. All the influence of
the intermediate states appears in these tensors, and to
calculate the remaining quantities it is sufficient to
operate inside the subspace 8', . The operator X,b(t) is
X,b in the Heisenberg representation of the system
without radiation, and (A) is the statistical average of
the operator A.
The derivation of Eq. (2) employs the completeness of
states to segregate the inAuence of intermediate states into
the Raman tensors. It is valid because we have neglected
H Ep making the intermediate states simple tensor prod-
ucts of electronic times phononic states. For resonant Ra-
man scattering this approximation is not sufficient, and
the calculation should be reformulated, but the problem
might be still tractable very close to the resonance at the
cost of a more elaborate theory.
((a,a, X, „'X )) =6 6„.n, ((X,„'X ~ ))
where nq, =(aq, aq, ). After solving the closed system we
find
6,g6, g(P, +P, )
[ci7 —cog' —Dgg ( co ) ] (4)
C. Calculation of the line shape using Green*s functions
To calculate the correlation functions (X,&(t)Xd, ) that
appear in Eq. (2) we have used the double-time Green's
function, following closely the method we employed
in similar calculations.
Two new types of GF appear in the equation of motion
of ((X,q, Xd, )), and they are of the type ((AX,I„Xd, ))
where A =aq, or aq, . In their corresponding equations of
motion three new types of GF appear, with 3 =aq, aqqS qs~
A=aq, aq, , or A=aq, aq, . At this stage we decouple
these GF to close the system: We neglect those with two
creation or two destruction operators of phonons, and for
the remaining ones we write
1(~)=g g(~' R.b e)(e R,d e') .
a, b c,d
~ I (X,b(t)Xd, )exp( i cut)dt, — (2)
where P, =(X„) is the occupation probability of the a
state of Co + with energy E, and co„=(E, E, )/A. —
The frequency-dependent self-energy is
CO —Cua e+mqs
1y, , y+a 'a'+aa
COa'a +Cgqs67 —Cc)aa qs
D„(co)=(i/2fiXmo) g I Tr, I ~I l'y I'
V, q S qs CO
—CO~a —Cgqs
where N is the number of crystal sites and mo is the mass
of the Q ion. The sum over y is over the six com-
ponents a, 8,e,g, g, g of the irreducible representations As,
Eg T2g and Va =—Vg Vg= V~= Vg and Vg= V
= V~ —VT. The Tz~, are the coefficients that connect'"'
the normal modes Qr to the phonons qs, and wart, are the
matrix elements of the electronic operators z~ between the
a and b states of Co +. The contribution of the sym-
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metric mode A& cancels exactly in Eq. (5) when only
states of the T&s subspace of Co + are included in 8', . It
would be necessary to include excited states T&g of a dif-
ferent configuration into 8', to have a nonzero contribu-
tion of A &, and we neglect this contribution because of the
large energy separation between the different configura-
tions.
The correlation functions are now easily obtained from
the GF in Eq. (4), and the partial contribution of the pair
of Co + unperturbed states a and b to the scattered inten-
sity in Eq. (2) is
Igb(co) = (Pg+Pb)f ( 1K'/—kgT)
~
EgRgb 'eo ~.
I (co —co„)], (9)
where C = I/(2A'mo) and the sum over j adds the separate
contributions of the acoustic and optical phonons. The
complex function IJ is
I
acoustical or to the three optical phonons. We introduce
the frequency density of phonons pz(co), where the contri-
bution of the acoustical phonons (j= 2) has been separat-
ed from that of the optical (j =0) ones. With these ap-
proximations the self-energy [Eq. (5)] becomes
D„(co)=CQ
~
Vr
~
[
~
rr,
~
I'J(co, , —co)
D,' b( co)I [co —cob, D,'b(co)—] +[D,'b(co)] I F~(x) =f/(x)+igj(x),
(6)
where
(10)
where D,'b(co) and D,'b(co) are the real and imaginary
parts of D,b(co) and f (x) is the Fermi function. If
D,b(co) were independent of co, Eq. (6) would represent a
Lorentzian, but with the parameters employed in the
present problem, the co dependence of D,b(co) produces a
rather large deformation with respect to that shape. The
total intensity is proportional to
I(co)=+I b(co) .
a, b
(7)
In the present approximation only the ground doublet I 6
is appreciably occupied at low T and the Fermi function
is practically equal to one for the values of co considered.
In the next section we calculate Eq. (7) for MgO:Co + at
T=o K.
By proper choice of e' and e, the irreducible representa-
tions Eg and T2g of the Raman tensor R,~ can be
separated. In the Es configuration (and T-0 K) we only
have transitions from the ground doublet I 6 to the two
quadruplets I 8 and I 8, and in the Tqg configuration the
I 6 to I 7 transition should also appear. Experiments in
the two configurations give information about the relative
values of the different irreducible components of the Ra-
man tensor: we shall see that the T2g components appear
to be rather smaller than the E2g ones.
where R is the lattice parameter of MgO. From the rath-
er particular polarizations assumed above it follows that
the sum over polarizations s can be restricted to the three
D. The line shape for MgO:Co +
In this section we calculate the line shape [Eq. (7)] em-
ploying a rather schematic phonon spectrum. %'e assume
that the frequency co(qs) does not depend on the q direc-
tion and that both sets of acoustical and optical modes are
triply degenerate, with a frequency density given by a
rather simple analytical expression. The polarizations are
assumed to be strictly longitudinal or transversal; a
reasonable approximation that substantially simplifies the
angular averages. Replacing the sum over modes by an
integration in q space with the usual V/8~ density of
modes the following relation holds:
fg ~ Tz~, ~
diaz
4vr[1 —sin(2—Rq)/2Rq],
[1—sin(2Rq) /2Rq]pj (co~ )
f~(x) =
[coq (coq —x) ]dco
gj(x) =sr[1 —sin(2Rq)/2Rq]p (co )/co CO =X
In these expressions it is necessary to give q as a function
of coJ. We have then employed for each branch j a mono-
tonic dispersion relation coj(q) that can be easily inverted
and is compatible with the analytic frequency density of
phonons discussed below.
Unless y =A ~ the last two terms of Eq. (5) vanish when
a = I 6 because then ~~, =0. It then follows that these
terms do not contribute to Eq. (9) at low T, because only
I 6 is appreciably occupied and we have also shown in
subsection C that the contribution of the vibrational mode
3
&
to Eq, (9) can be neglected.
We have approximated the density of phonons calculat-
ed by Peckham by the sum of two continuous curves
pJ(co) that give separate contributions for A and 0 pho-
nons. Each pj(co) is different from zero in two intervals
and in each of them it is described by the function
p(co) =%[a +b (co —coo)'],
which satisfy fp (co)dco=&. In Table I we give the four
sets of a, b, c, and ceo together with the intervals in which
Eq. (12) assumes those values. We can now compute the
two frequency densities, which are plotted in Fig. 2 to-
gether with the theoretical results of Peckham. The ap-
proximate pj(co) we have employed were sufficient to
reproduce the important features of the observed Raman
spectrum, and it did not seem worthwhile to repeat the
calculation with more accurate analytic expressions.
Several parameters are necessary to calculate D«(co).
For the energy separation between the four levels I 6, I 8,
I 8, and I 7 in the absence of JT interaction we will em-
ploy Ez —E6 —330 cm ', E8 —E6 —890 cm ', and
E7 E6 —935 cm '. These values have been obtained
from the spin-orbit interaction of the free ion (A, = —180
cm ') together with values of the cubic crystal field and
of at;omic parameters estimated from optical measure-
ments of Low. " We have also included in the calculation
a rather small degree of covalency between Co + and the
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TABLE I. Values of the constants employed in the analytic density of phonons
P, (co) =N [a +b(co —coo)'l.
0
0
a
(10—1 —1)
0.0
0.5607
0.0
0.6833
b
(10 z &)
0.2024
0.6675
3.107
2.481
7.101
0.2682
1.0
0.1652
COO
( lo' Hz)
0.0
54.0
64. 1
77.9
Interval
(cm-')
0—287
287—567
340—413
413—703
six nearest 0, which changes the values of those energy
levels. With the inclusion of the dynamical JT effect, the
large degree of covalency required in early works" to fit
the experimental g factor of the I 6 doublet was markedly
reduced. ' We employ a value intermediate between
those of Refs. 31 and 32 because it gives a better fit of our
calculated spectra with the experimental ones. More de-
tails of the calculation of these energy levels, which are
very similar to those employed by Ray and Regnard, ' are
given by Peixoto and Foglio. '
The matrix elements ~~b that appear in the JT interac-
tion have been given by Foglio' and Tucker. The
values of VE and VT have been obtained from the effect
of applied stress on the EPR lines of the I 6 lines. The
values quoted are Vz —2.04 & 10" cm '/cm and
Vz. —0.34X10" cm '/cm with a 20% relative error. As
VT is rather smaller than Vz, its effect is not very impor-
tant, so we allowed VF to vary between the bounds of the
quoted 20% error. In particular, if we compute the
I,(, (co) that corresponds to the two transitions from I 6 to
I z and I &, the relative spectrum for the Eg configuration
would be obtained by adding the two together weighted by
the appropriate components of the corresponding Raman
tensors. As we do not know these tensors, we assumed
that they are both equal and found that Vz ——2.4&(10"
cm '/cm reproduce the experimental peaks that are close
to 300 cm '. This spectrum is plotted in Fig. 3 together
with the experimental one. The two agree fairly well, al-
though the relative intensity of the two calculated peaks
(in the 300 cm ) is inverted with respect to the experi-
mental ones. The correct relative intensities of these two
peaks was obtained for VE ——2.8&&10' cm /cm but the
agreement with the position of the lines was somewhat
impaired. "
In Fig. 4 we show the curve for the transitions I 6—+I 7
calculated with the same Vz employed in Fig. 3. This
line should appear in the Tz~ configuration together with
the I 6—+I 8 and I 6—+I 8 transitions, but no lines were ob-
served experimentally.
III. DISCUSSION
The Raman spectrum of MgO:Co + has been assigned
by other authors to one-phonon transitions that be-
928
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FICz. 2. One-phonon density of states in the MgO: (a) The
curves computed by Peckham; (b) our approximation, where the
dotted lines represent the acoustic and optical contribution.
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FIG. 3. Raman spectrum of the MgO:Co + in the Eg config-
uration: (a) Electronic contribution as calculated in the present
work; (b) experimental curve obtained by Guha at 18 K.
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FIG. 4. Raman intensity for the electronic transitions
I 6 I 7 calculated with our model.
come allowed because the impurities break the lattice
translational invariance as well as the inversion symmetry
of the remaining ions of the crystal. Mon and Billat
et al. ' do not give any arguments in favor of this inter-
pretation, but Guha has studied the temperature depen-
dence of the experimental peaks at 278.5 cm ', 304.75
cm ', and 935.7 cm ', concluding that the first two lines
were of the one-phonon type. In his Fig. 2, the intensity
of all these peaks decreases when T increases, and he
states that the first two follow the [1—exp( —fuulk&T)]
law. This statement is rather puzzling, since the integrat-
ed intensity should be proportional to the number of pho-
nons with frequency co, which increases when T increases
and which is given by the inverse of the law quoted by
Guha. If the intensity plotted were that of the experimen-
tal peak height, their temperature dependence would not
mean much because the correspondirig dependence of the
linewidth with temperature is not given by Guha. It is
also not clear why he states that the temperature depen-
dence he observes for the 935.7-cm ' line implies an elec-
tronic transition. Mon and Billat et al. had already
made that assignment because there are no phonons with
that energy, and it could not be a localized mode because
the mass of Co is much larger than that of Mg. It is then
clear that one cannot reject the possibility of an electronic
mechanism on the basis of the existing experimental evi-
dence.
Wagner and Koidl have recently interpreted the in-
elastic scattering of neutrons by MgO:Co + employing the
dynamical JT coupling of the Co + to a single F. mode.
From the agreement observed with the experimental re-
sults they conclude that the neutron resonances at 34.5
and 38.5 meV are electronic. As in their experiment, the
coupling between the system and the probe is different
from that in the Raman scattering, we should not consid-
er this result as decisive, though it certainly corroborates
our model.
The Rarnan scattering from Co +-doped cubic KZnF3
has been recently interpreted as of electronic origin by
Lockwood et ah. In trigonal CoBrz both phononic and
electronic bands have been assigned by Lockwood et al.
and they have even observed lines with temperature-
dependent intensities starting from an excited electronic
state. In this problem the best model was a fuH I20-state
3d calculation of the energy levels, though an effective
Hamiltonian in second order gave equally good agreement
with the observed transition energies; but differed in their
prediction of the T~s("F) manifold g values, indicating
that the 3d model is the best one.
Raman scattering from Fe + compounds has also been
assigned to electronic processes: the cases of. FeClz and
FeBr2 are particularly interesting because the best (and ac-
curate) description of all levels within the Tz~( D) mani-
fold required the introduction of the dynamic JT effect.
The full lattice model of Abou-Ghantou et al. ' '7 based
on the transformation method of Stevens was employed
in the treatment of this effect. The formalism looks ex-
actly like that used when only the coupling between the
magnetic ion and its nearest neighbors is considered; an
effective Hamiltonian with the same form but with dif-
ferent expressions for the reduction factors is obtained.
Johnstone et al. adjusted the parameters of their effec-
tive Hamiltonian, including the reduction factors, by
minimization of the root-mean-square deviation of the ex-
perimental from the calculated values. A similar calcula-
tion was tried for CoBr2, but contrary to what was found
for Fe +, the CoBr2 data were not reproduced in a
dynamical model.
The shape of the Raman line is not given in these full-
lattice calculations while our GF formalism provides an
approximate description of that shape. Stevens and Per-
sico and Van Eekelen and Stevens also employed
decoupling procedures of GF to study the EPR line shape
of a triplet coupled to the lattice through the JT interac-
tion, but no splitting was observed in their case. In our
problem we have a more complex electronic structure of
12 states, and the process is of second order in the interac-
tion with the radiation rather than being a first-order one.
Nevertheless„ the GF we have to calculate when we em-
ploy the approximate formula derived in Sec. II are basi-
cally of the same type employed by the authors mentioned
above ' (we can express GF of the type ((SJ',SJ)) as
linear combination of our ((X«,Xbb ))~).
In our case, the rather asymmetric line shape obtained,
is a consequence of the co dependence of the self-energy;
we would have obtained a superposition of Lorentzians if
we had employed a constant self-energy for each transi-
tion.
There are several comments to be made when the exper-
I
~imental spectra are compared with our GF calculation.
(a) The simple superposition of the single-phonon spec-
trurn calculated by Guha plus the two I 6—+I 8 electronic
transitions of the Co + in the MgO crystal without JT in-
teraction would give a spectrum rather different from
what is observed in the Ez configuration. As pointed out
by Guha, an extra line (electronic) should be observed in
the 300-cm ' region. In our model without JT the line
should appear at 330 cm ' (329 cm ' for Guha), and the
line observed at 935.7 cm ' should appear in our model at
890 cm ' (859.cm ' for Guha). If one would invoke co-
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valency to decrease the effective spin-orbit interaction, so
that the 330-cm ' line would be shifted to 300 cm ', the
890-cm ' line should decrease to 809 cm ', which is
clearly not acceptable (with Guha's value it should appear
at 781 cm '). lt is worthwhile to point out that from the
magnetic susceptibility measurements, Cosee estimated
that the I"8 level should be at 306 cm ' above the ground
I 6 level, a value that agrees fairly well with our calcula-
tion.
One should note the contrasting behavior of covalency
and of the JT interaction on the energy separation of the
levels. While covalency decreases the effective spin-orbit
interaction, so that in lowest order the ratio (E8-
E6)l(Es E6) -remains constant, the effect of the JT in-
teraction is to decrease E8-E6 and simultaneously in-
crease E8 -E6. It is then clear that our model gives a con-
sistent description of the experimental situation and that a
superposition of a single-phonon spectrum with an elec-
tronic one without JT would not be satisfactory.
(b) In Fig. 3 one sees that for the Eg configuration in
the 300-cm ' region, both the experimental and the
theoretical spectra show two well-defined peaks. The cal-
culated doublet originates in the I 6—+I"8 electronic transi-
tion, and a single line should appear in the absence of JT
interactions. To understand the extra line notice first that
the unperturbed I 6-I 8 energy separation is very close to a
sharp maximum of the density of phonons. We could
then imagine an oversimplified model consisting of a sin-
gle phonon interacting with a pair of electronic levels that
have an excitation energy close to that of the phonon.
This interaction gives two vibronic states with energies
that are fairly close; both of them have a large component
of the excited electronic state times the zero-phonon vi-
brational state and would therefore give a large contribu-
tion to the electronic Raman scattering. If the interaction
between the phonon and the electronic part were absent,
only a single (electronic) line would appear, and the other
(phononic) line would have zero intensity; This effect was
not obtained in the calculation of Van Eekelen and
Stevens because for the values of co that are of interest in
EPR the phonon spectrum is rather smooth and it is the
rather abrupt changes of the phonon density in the 300-
cm ' region that makes the doublet appear in our calcula-
tion.
(c) As noted in Sec. II D, the experimental and calculat-
ed doublet discussed above have their relative intensities
inverted. In our calculation, only a part of the interaction
of the system with the radiation was considered, and as
discussed in Sec. IIB, we believe that the part we omitted
is fairly well described by the theories that only consider
one-phonon scattering. In Fig. 4 of Guha's paper, the
contribution of the Co + nearest neighbors to this type of
Raman scattering shows a rather sharp peak in the 280-
cm ' region. Subtracting this type of contribution from
the experimental spectrum one could reproduce the rela-
tive intensities of the doublet calculated with GF. The
nearest-neighbor calculation of Guha has also a broad
structure in the 400-cm region that is missing from our
GF calculation.
(d) The theoretical GF spectrum shows much less struc-
ture than the experimental one. As discussed above, the
part omitted in our calculation, as well as the two-phonon
spectrum that is present even in pure MgO, could be the
reason for most of the missing structure. A plot of the
spectrum of pure MgO against that of the Co +-doped
crystal is shown by Mon in his Fig. 1, indicating that the
two-phonon spectrum might indeed contribute in the re-
gion above 700 cm '. The two-phonon contribution has a,
different temperature dependence than the single-phonon
one, and it is less important at low temperatures.
The lack of structure of our GF calculation close to the
experimental 935-cm ' peak is not too surprising since
due to our decoupling procedure the self-energy only in-
cludes processes in which a single phonon is created or
destroyed (there are no phonons in the 935-cm ' region).
(e) The experimental spectrum in the Tzs configuration
is very weak, although the three electronic transitions
starting from I 6 are allowed. The absence of a spectrum
in this configuration was also reported by Lockwood
et al. in Co +-doped KZnF3, and they concluded that
the Tzg transitions have vanishing low Raman cross sec-
tion compared with those of Eg configuration. It seems
that this is also the case for MgO:Co +.
(f) In our estimation of the theoretical electronic levels
unperturbed by the JT interaction, we only considered the
12 states of Tig("F), but Lockwood et al. needed the
120 states of 3d to fit the spectrum of CoBrz. This al-
lows the use of energy values slightly different from those
employed in Sec. IID, which could improve the agree-
ment between our calculated spectrum and the experimen-
tal one, but we have not attempted this calculation.
IV. CONCLUSIONS
We have employed the JT interaction of Co + with lat-
tice phonons to calculate the line shape of the electronic
Raman spectrum of MgO:Co +. We have derived most
of the model parameters from independent experimental
measurements reported in the literature, and the Raman
spectrum calculated with our model agrees fairly well
with the experimental one.
When the BOA is valid, there is a clear distinction be-
tween the electronic and the single-phonon Raman
scattering, but even with a weak JT interaction it becomes
rather difficult to make this distinction when the phonons
and the electronic excitations have fairly close energies.
Nevertheless, we separated the interaction between the
system and radiation in two parts so that each of them
contribute through only one of the two types of mecha-
nisms when the JT interaction is neglected. These two
contributions are then complementary and in our model
the main features of the spectrum are given by the calcu-
lated electronic scattering, while the phononic part contri-
butes to most of the smaller details of the spectral struc-
tures particularly above 400 cm '. Although we have es-
timated that interference effects between the two probabil-
ity amplitudes are small, they would not be excluded in
principle. A more elaborated model in which the two
contributions are calculated simultaneously should be em-
ployed to study this type of effect.
We are extending our calculation of the line shape to
higher temperatures, to estimate the possible interest of
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performing new measurements as a function of T.
Another theoretical aspect we are considering is an es-
timation of the terms R,b by employing the existing in-
formation about energy levels and stationary states of
Co +. As discussed in (e) of Sec. III, the weakness of the
spectrum in the T2g configuration is not limited to the
case of MgO:Co + and it might be possible to find out
why it occurs.
We are also considering the feasibility of a resonant Ra-
man experiment that would make possible the observation
of the electronic spectrum in the T2g configuration. Res-
onance enhanced electronic Raman scattering of Fe + has
been reported for CdIz. Fe + and it might be possible to
perform a similar type of experiment in Co +-doped crys-
tals.
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